The aim of the Green Brewery Concept is to demonstrate the potential for reducing thermal energy consumption in breweries, to substantially lower fossil CO 2 emissions and to develop an expert tool in order to provide a strategic approach to reach this reduction. Within the project "Green Brewery" 3 detailed case studies have been performed and a Green Brewery Concept has been developed. The project outcomes show that it is preferable to develop a tool instead of a simple guideline where a pathway to a CO 2 neutral thermal energy supply is shown for different circumstances. The methodology of the Green Brewery Concept includes detailed energy balancing, calculation of minimal thermal energy demand, process optimization, heat integration and finally the integration of renewable energy based on exergetic considerations.
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energy efficiency and the use of renewable resources as energy supply. For industry, the main possibilities for the reduction of GHGs will embrace 1) increased efficiency in energy conversion with an emphasis on cogeneration, 2) Process intensification and heat integration, 3) Zero-energy design for production halls and administrative buildings, 4) a shift in energy resources from fossil to renewable and 5) the use of industrial waste heat for general heating purposes outside the company (regional heating systems).
A number of studies so far have dealt with the optimization possibilities of food processing, applying process integration and the use of renewable energy sources. Process Integration for the food industry requires the consideration of batch processes. For breweries where rescheduling is a delicate issue due to the biological processes the adaptation or integration of storage tanks into the hot water management is a favorable option. Approaches for heat integration for batch processes including heat storage systems have been reported by several authors; however they are still not extensively studied [1] [2] [3] [4] . The ideal choice of renewable energy resources for specific applications has been lately discussed by a number of researchers. Extensive reviews on methods and tools have recently been published by Banos et al. [5] and Collony et al. [6] . Total Site targeting methodology and its extension including varying supply and demand has been shown as a successful method for industrial and regional energy systems [7] [8] [9] [10] [11] . For the integration of solar heat a method has been established within the IEA SHC Task 33 Solar Heat for Industrial Processes. Its integration ideally takes place after heat integration of the production site [12, 13] . The vast potential for use of solar heat in industrial processes has been most recently reviewed by Mekhilef et al. [14] .
For breweries much effort has been done lately in research and plant development to reduce the energy demand of the processes, visible through a large number of papers and publications. Typical energy demand figures, such as 24-54 MJ/hl beer for wort boiling, can be found in literature for different processes [15, 16] . However, in some breweries the real specific energy demand per production unit is unknown and improvements can therefore be hardly identified even if benchmarks are known. This paper shows how a "Green Brewery Concept tool" was developed based on 3 case studies. The concept that aims to be used for a specific brewing site is an Excel based expert tool that guides breweries towards a production without fossil CO 2 emissions for covering the thermal energy demand. Although undergoing radical changes in production equipment is possible [16, 17] , to a large extent similar technologies are used for brewing in different breweries. However, small technological differences and/or a varying ratio of brewing and packaging capacity influence the energy management of breweries already to a large extent.
Therefore, it is helpful to develop a tool instead of a simple guideline where a pathway to a CO 2 neutral thermal energy supply is shown for different circumstances and production capacities.
Methodology
The development of the Green Brewery Concept was based upon the experiences drawn from real plants. The concept was also tested using data from these medium-sized (production volume of 800,000-1,000,000 hectoliters/y) and small-sized (production volume of 20,000-50,000 hectoliters/y) companies.
In the case studies the thermal energy supply optimization has been studied for breweries via a methodological approach [18] . The optimization approach includes the development of target benchmarks via calculation of thermodynamic minimal energy demand, consideration of technology change, a bottom-up approach for heat integration via the pinch analysis and the integration of renewable energy based on the process temperatures and exergetic considerations rather than the existing utility system. The integration of renewable energy supply is considered subsequent to heat integration to ensure that no additional systems are installed if waste heat can serve the heating purpose.
The Green Brewery Concept tool follows the same steps in a simple form, as its aim is practical application by energy managers at the production site. The methodology applied in the case studies and the sections of the Green Brewery Concept are summarized in Figure 1 . 
Data acquisition and energy balancing
In many industries the allocation of energy to processes is only known at the financial account level. A network of a few important measurements is necessary to develop optimization strategies and to have reliable benchmarks. Within the Green Brewery Concept the key parameters based on this network of measurements need to be entered. The calculation of the thermal energy demand is done on a process level based on the production data and technologies to allow for a detailed energy balance of the status quo in each compartment (brew house, fermentation and storage cellars, packaging and energy utilities (boiler, compressors)). In this way energy intensive steps and improvement targets can be promptly identified. The results of the energy balances are brought together in a list of benchmarks and compared with aim-targets.
Additional to the energy balance, the thermodynamic minimal energy demand for certain processes should be known as the ultimate target for energy demand reduction. In a first M A N U S C R I P T A C C E P T E D 
The overall minimum thermal energy demand is given by the sum of all MEDT tech s within the brewery. It must be equal to the useful supply heat, which is given by the total net heat output from boilers, from combined heat and power (CHP) systems or from district heat, minus distribution losses and the loss due to process efficiency.
Distribution losses can never be set to zero and the thermal process efficiency will be < 100%, however the knowledge of this ultimate benchmark for the technology in place can stimulate enhancements in efficiency.
Process optimization and heat integration
The methodology for reducing demand side savings is a two line approach. First, each unit operation is optimized via selection of the most efficient processing technology and ideal operation conditions. Second, process integration is done on the system level via the pinch analysis integrating all energy sinks and energy sources on the production site.
Optimization on unit operation level: From recent studies in Process Intensification it is
known that the change of currently applied production technologies can increase process effectiveness and reduce energy requirements substantially [19] . MEDT tech calculations can be used to compare different technologies for the same process (e.g. wort boiling). New technologies also offer new opportunities for heat integration; however they might change the composite curves of breweries considerably. Thus, these changes need to be considered prior to final heat integration concepts. It has been shown that pinch analysis can also reveal operational changes for improved heat recovery [10] , and an iterative optimization approach on unit operation level and system level is sensible.
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The Green Brewery Concept includes a catalogue of energy efficient technologies and optimization measures for breweries. An overview of new technologies is provided with brief descriptions and references based on real data, several handbooks, books and articles.
Optimization on production site level: For thermal energy optimization on the system level, Pinch analysis has been applied for one case study taking into account all important thermal processes.
The presentation of the minimal heating and cooling demand in the pinch analysis of the case study is based on a time average approach [20] to allow for a quick analysis of the heat integration potential assuming storages can be implemented to overcome the mismatch in supply and demand. This approach is recommended for a first impression how much energy is available for possibly supplying the overall energy demand within a typical production week.
For a development of a heat exchanger network (HEN) this approach is only valid as long as hot and cold streams that are matched to one heat exchanger do not have to overcome too large time variability.
After the presentation of the composite curves a heat exchanger network has been calculated for the case study based on a combinatorial design algorithm. The developed approach includes the parameters energy transfer (kWh/y), temperature difference between source and sink as exergy related parameter (∆T) and power of the heat exchanger (kW) as the three main criteria. Economic targets are not included within the main decision criteria during theoretic HEN generation by the algorithm, as it has been shown that installation costs (piping, regulation etc. that cannot be quantified by an algorithm without detailed knowledge of the industry site map) are often more than 50% of the heat exchanger surface costs in the food industry. Economic evaluation is therefore done after the technical feasibility has been concluded.
The applied HEN algorithm can be either used on a time average approach or with consideration of time differences. In contrast to optimizing different networks in one time slice as has been shown by Kemp [20] and has been re-discussed by other authors [9, 2] , one heat exchanger network is generated that overcomes time differences with possible storages.
If process variability is large and time differences must not be neglected, necessary storage sizes (hot stream storages) are calculated by the algorithm. In that case the energy transfer over storage is considered in the proposed combinatorial approach of the HEN design. In case of the considered brewery A, available storage sizes (>500 m³) were large enough to justify the use of a time-average approach during theoretic HEN design.
The results of the HEN developed by the presented algorithm were taken as basis for applying practical constraints and developing a practical network on site, including available storages.
Influencing factors for deviation of the theoretic HEN design by the algorithm and the practically applied HEN are piping distances, available space, necessary regulation effort, fouling of certain media, existing storages or company's willingness for major changes in thermal energy management.
The experiences of the pinch analysis are incorporated in the Green Brewery Concept. The concept calculates a generic list of heat sources and heat sinks based on the entered data of the brewery and states the potential for process integration for so far unused waste heat (see Table   1 , list of heat sources). The potential is determined by available energy and temperature level.
Based on these criteria, potential waste heat sources for heat integration embrace vapors from the boiling process, waste water from the KEG plant, de-superheating from the cooling compressors and waste heat from compressed air production. The largest waste heat sources within a brewery are the hot wort after boiling and vapors from wort boiling, already used for heat integration in breweries. The second largest waste heat source is condensation of the refrigerant of the cooling compressors; however this heat is released at quite low temperature and would require a heat pump to supply energy at a useful level. Due to the complexity of ideal HEN designs for the brewing process, heat integration networks and corresponding storage sizes are not pre-designed by the Green Brewery Concept but have been elaborated specifically for the case studies. 
Integration of renewable energy
The integration of renewable energy into an industrial energy system requires the consideration of availability of the renewable resource [11] as well as an exergy based approach to select the appropriate energy supply system. The methodology applied in this study is the analysis of the remaining energy demand after heat integration measures with annual load curves -well known to technicians on site from boiler design -on different temperature levels. This method has two advantages: 1) In this way the possibilities for integrating renewable energy (solar thermal, biogas, biomass, geothermal) can be identified depending on demand temperature and load changes without constraints of existing distribution systems. 2) Annual load profiles pose a good basis for designing future energy supply systems.
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The choice of specific energy sources is done by evaluating their applicability to produce energy on different temperature levels, minimizing temperature dependant exergy loss. In the studies the choice of renewable energy sources was done based on temperature dependant load curves and the following procedure: Within the Green Brewery Concept the application potential for different energy sources (biogas, biomass, solar thermal, district heat, geothermal energy, heat pumps (low temperature waste heat)) is discussed for breweries under different framework conditions. Decision methods according to key figures (such as the technology applied in the brew house)
were elaborated for different supply technologies based on the methodology discussed above.
The required process temperatures in combination with the process load profile are the parameters that influence the choice of new supply equipments to the largest extent. Figure 2 shows a general flowsheet of a brewing process. In brewing the thermal energy requirement is largely determined by the brew house. In the brewhouse mashing, wort M A N U S C R I P T
Results and Discussion
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preheating and wort boiling constitute the most energy intensive steps. The generation of hot brew water is usually done over heat recovery from the hot wort that is cooled to cellar temperature. In packaging, the packaging technologies influence the heat requirements: In returnable bottle packaging the bottle washer and pasteurization are the most energy intensive processes. Pasteurization energy demand might range from 4-17 MJ/hl depending if flash or tunnel pasteurization is applied. In non-returnable bottle filling lines pasteurization is usually the highest energy consumer. In KEG packaging the cleaning of KEGs shows the largest hot water requirement and respectively a large waste water stream at significant temperature. Three case studies were elaborated in the Green Brewery project. Brewery A and B are medium sized breweries with similar brew house technologies (infusion mashing, mechanical vapor compression (MVC)), while Brewery C is a small brewery applying decoction mashing and using a vapor condensation system to generate brew water from vapors released during wort boiling. Brewery A and C fill KEGs, brewery A and B fill returnable bottles, and brewery B has a non-returnable filling line as well.
Energy balance and minimal energy demand
The energy balance of 3 different breweries shows that the technology and operational parameters applied in the brew house, the brew volume, operating schedules and the ratio of brewing/packaging capacities influence the energy demand significantly. The results given in Figure 3 show a variation of specific useful supply heat for thermal process energy (excluding space heating requirements) between 43.6 and 104.5 MJ/hl. Final thermal energy requirements are in the range of 60 MJ/hl for breweries A and B and show that benchmarks reported in literature [22] [23] [24] , such as 85-120 MJ/hl are often higher than real best practice. The current thermal energy input for processes already taking into account conversion losses of the boiler house (USH) is compared with the minimal thermal energy demand for the technology in place (MEDT tech ) which is calculated for each process based on its specific requirements (e.g. temperature, heating rates, evaporation rates) and the existing technology.
As the current study was focused on thermal energy optimization, electrical energy requirements were only included if they were important for the thermal energy duties (e.g. mechanical vapor compression). MEDT tech is usually highest for the brewhouse, in the range between 20-25 MJ/hl depending on production capacities. Similar values are reported in the M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT literature [22] . All breweries show a deviation from the overall MEDT tech for all production units to USH processes in the range of 28% to 37% highlighting the losses that appear in distribution systems and due to process inefficiencies. Especially in small breweries these losses are due to the batch processes and non-continuous operation (Brewery C), in larger breweries supplied with steam open steam condensate systems contribute largely to losses (Brewery A and B).
Pinch analysis
Pinch Analysis has been done in greatest detail for brewery A. Figure 4 shows the hot and cold composite curve for brewery A including brew house and packaging with a minimum allowed temperature difference of 5 K and averaged power during process operation hours.
Visibly a large amount of waste heat can be recovered. In breweries a large part of this potential is already realised via the wort cooler that preheats incoming fresh brewing water.
Next to this standard measure the most common heat recovery options in modern brew houses include mechanical and thermal vapor compression and vapor condensation in connection with a heat storage to preheat the wort before boiling [16, 25] . After preheating of the wort, the heating of the mash tun is thermodynamically suggested.
This cools the brew water (660hl/brew) below 75°C. In that case the brew water can no longer fully supply the lautering process that requires 75°C (310hl/brew). However, for brewery A the heating of preheated water to lautering temperature would be less energy intensive than the mashing process. It needs to be highlighted that this subsequent use of brew water for wort preheating and mashing is a theoretic outcome of the design algorithm that did not undergo practical verification. Time variations between brews need to be considered in detail, whether intelligent storage management could guarantee stable operating conditions. Generally heating of low temperature processes, such as mashing, with low temperature heat sources is exergetically important, however different issues need to be tackled to realize it for retrofits. It is known that heating the mash tun requires certain heating rates and a very low ∆T between heat source and sink can therefore hardly be realized. Pumping the mash can also pose a problem because broken husks might affect the following lautering process negatively. Heating requirements of process/service water should be limited to bringing preheated water to lauter liquor (75°C) and CIP (80°C) target temperature. In this way 3 temperature levels would be available on site. A simplified grid diagram representing the thermodynamically suggested HEN is shown in Figure 5 , corresponding heat capacity flowrates are given in Table 2 . As the theoretic pinch analysis has been done on a time average approach, power of actual heat exchangers deviate from the outcome of the theoretic HEN algorithm. 
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This heat integration network was adapted in cooperation with the energy and brewing managers to fit best to the current installations (see Figure 6 and Table 4 ). Wort preheating in this considered brewery A is already implemented via local district heat at very competitive price, therefore theoretically suggested use of hot brew water for wort preheating is not feasible. The practical measures for heat integration for the same brewery include:
• Generation of brewing water over the wort cooler at 85°C and use for mashing and lautering (as existent and proven sensible by the theoretic approach); • Elevate existing process water tank to 85°C (currently 70°C) via integration of vapor condensation from boiling startups, optimized vapor condensate recovery, integration of heat from subcooling of steam condensate and integration of waste water from brew house CIP (the outcome of the theoretic approach for generation of water for CIP, packaging plants and service water was adapted to the existing process water tank on site); • Use water from elevated process water tank for packaging;
• Installation of additional tank for waste water recovery from KEG plant for service water and heating requirements (because of the distance from the KEG plant to the process water tank, a local heat recovery would be preferable over the integration of the waste heat into the process water tank).
The measures reduce thermal energy requirements by 25%. Economic evaluation was done for the first three measures and showed that the measures had a payback period of less than 1.5 years (see Table 3 ). In Brewery B, that shows a very similar hot and cold composite curves due to its operational similarity to brewery A, a CHP system is installed and remaining heat recovery options were focused on integrating waste heat of cooling compressors for preheating boiler feed water and as well as the optimization of the wort cooler. Brewery C was shown to be too small in its production capacity to make any of the suggested heat recovery options economically viable.
Solar process heat integration
Based on the load curves of remaining heat demand the integration of solar heat was considered. The potential for solar heat application in breweries is high, as all processes except conventional wort boiling run below 100°C and flat plate or vacuum tube collectors meet these temperature requirements well. For countries with high direct solar radiation the supply of high temperature processes with solar heat over concentrating systems is as well possible. In principle hot water distribution systems can be recommended for breweries.
Distribution losses can be minimized and solar thermal heat can be well integrated into the processes.
According to the pinch theory solar process heat should be integrated above the pinch if energy requirements below pinch can be supplied by heat recovery. Using solar heat for process water generation is only sensible if heat recovery measures cannot meet the hot process water demand. For the considered breweries it could theoretically be shown that careful use of hot water and an intelligent heat integration network make heating requirements for hot water unnecessary. However, it was also shown that high temperatures available from wort cooling and the vapor condensation (if installed) should be used primarily for process integration and water heating requirements should be met by low temperature heat sources. If a low temperature heat source is difficult to tap because of practical hindrances, solar heat could become a viable choice for hot water generation. Looking at the pinch analysis, the solar thermal potential is highest for the packaging area and the mashing process. The integration of hot water based heat exchangers outside existing bottle washing plants makes solar process heat also possible for retrofits.
The monthly load curves of the remaining energy demand for brewery A show that after heat integration energy is required at >72°C (see Figure 7) . The mashing process requires a lot of energy to heat the mash liquor from 60-75°C (shown in the monthly load curve of 75°C).
Other processes at 72-85°C embrace the packaging plants. In brewery A packaging is already supplied by low temperature heat coming from the local district heat. Solar process heat was therefore considered for CIP in packaging. 500 m² vacuum tube collectors could supply 165
MWh/y or 21% on the total CIP energy demand respectively (see Figure 8) . In future the supply of the mashing process will be considered. Similar challenges as reported earlier for hot water heated mash tuns will have to be tackled. Large steam driven vessels will require a technological change of the mashing process to integrate solar heat. 
Biogas and biomass integration
The batch fermentation tests showed that for a brewery with a production capacity of 900,000 hl beer the energy yield from biogas out of spent grain can be as high as 36 MJ/hl. Biogas from waste water can additionally increase this figure. The combustion of spent grain with 40% humidity on the other hand can produce 46.5 MJ/hl (basis 15,000 t/y spent grain and 900,000 hl produced beer). Here an advanced drying technology is necessary, as fresh spent grain with 80% humidity has a heating value of 24.7 MJ/hl. Within the Green Brewery Concept, the combination of real process data from the specific brewery and key data known from studies allow the calculation of the potential of energy generation from different biogenic residues. A nomogram showing the potential energy generation from spent grain fermentation based on the results from batch fermentation tests is shown in Figure 9 . Starting from the diagram above the potential of energy production over spent grain fermentation can be quickly estimated depending on the production capacity.
For the considered breweries A and B it could be shown that biogas integration is technoeconomical the most sensible option due to the existing framework conditions: 1) The boiler needs to cover peak loads efficiently and respond easily to load changes. 2) The infrastructure is partly available (biogas from waste water is already integrated in the gas boiler in brewery A). 3) Cooperation possibilities with existing biogas plants, treatment systems and the local gas net are possible.
For brewery A with a remaining energy demand of 37 MJ/hl after implementation of the optimization measures biogas from spent grain and waste water can potentially fully supply the brewery with energy (see Figure 10 ). Space heating in winter is not included in this figure as it is supplied by district heat from a wood power plant. Gas savings (basis 2007) amount to 1, 200 ,000 Nm³ gas and CO 2 savings are 2,670 t/y (based on GEMIS database). For brewery B similar savings could be achieved via spent grain fermentation. For brewery C on the other hand being located in a small rural community, biomass supply would be the more sensible alternative for reaching minimum fossil CO 2 emissions, together with integration of local district heat. 
Conclusions
The Green Brewery Concept has been developed as a tool to reduce emissions and to give guidance for decisive actions in order to improve thermal energy efficiency. It is aimed as a living tool that can be extended and updated according to the best engineering practices. The application of the methodology has proven that a high potential exists for breweries to lower thermal energy requirements with process optimization, heat integration and the integration of renewable energy. The detailed work in thermal energy management in close cooperation with energy managers on site has shown to contribute to continuous energy savings in breweries by elevating the sensibility of workers and managers.
The calculation of minimal energy demand of processes has proven to be efficient in evaluating distribution and process efficiencies and stimulating corresponding enhancements.
The integration of such calculation within the Green Brewery concept offers energy managers of breweries the opportunity to evaluate the thermal energy efficiency on site simply by entering their key process data.
The hot water management of a brewery is the key factor for integrating waste heat or new energy supply technologies. It is highly influenced by production capacities (brewing vs. packaging) and the technology as well as operational parameters applied in the brew house [24] , as well as by the type of packaging (KEG, bottle etc). The evaluation of present hot water management within the Green Brewery Concept as well as the comparison of available heat in energy sources with necessary energy demand give important information on improvement potentials.
The result of the pinch analysis for breweries shows that heat integration over direct storages need to be integrated in an intelligent way, as often hot water that is generated from waste heat can later be directly applied in processes. The heat available at high temperatures needs to be re-used at similar temperatures and the exergy should not be destroyed by mixing with cold water. An example of such an intelligent "energy swing" is the use of the hot brewing water for preheating the wort and the consequent use as brew water. Practical networks deviate from theoretic design because local conditions, as existing storage tanks, must be considered. Ideal storage sizing and management based on heat integration and renewable energy integration is seen as an important target for future simulation studies. This has been shown similarly for indirect storage tanks in other industries [3] . Also, existing storage tanks should be included in HEN design algorithms. For renewable energy integration the importance of exergetic considerations of the energy supply system has been highlighted. Solar process heat has proven to have a large potential for breweries, especially in packaging and on a long term perspective for mashing.
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The application of the Green Brewery methodology has shown that the remaining thermal energy demand that can be reached in the considered breweries with 1,000,000 hl production capacity is as low as 37 MJ/hl for brewery A (excluding space heating requirements). The possibilities for reaching this target depend on the production cycles and on the balance between hot water demand in brewing and packaging. It could be shown that even for brewery A with existing vapor recovery systems (mechanical vapor compression) 25% of the energy can additionally be recovered by reusing waste heat from vapors at boiling start-ups, waste water from brew house CIP, subcooling of steam condensate and waste water from the KEG plant. The necessary measures show a payback period of less than 1.5 years. Brewery A with optimized heat recovery and comparable production capacities in brewing and packaging can therefore potentially supply its thermal energy demand with own resources (excluding space heating). The energy produced with biogas from biogenic residues of breweries and waste water exceeds the remaining thermal energy demand of 37 MJ/hl. Integration of biogas was the favorite alternative over biomass for the considered breweries A and B due to the existing infrastructure and cooperation possibilities with existing biogas plants, treatment systems and the local gas net. Plant design and economic evaluation will be further elaborated.
Overall, the project "Green Brewery" has shown a saving potential of over 5,000 t/y fossil CO 2 emissions from thermal energy supply for the 3 breweries that were closely considered.
For brewery A it could be shown that the total fossil gas demand can be substituted saving 2,760 t/y fossil CO 2 emissions.
Outlook
Ongoing activities will focus on an improved calculation of minimal energy demand, which needs to include electric energy and the consideration of exergy efficiency. Exergy analysis for one African brewery has lately been reported [23] . Ultimately a comprehensive analysis of different technologies is needed to identify the technology with the best energy and exergy efficiency. This minimal energy demand and exergy loss can then be used as a true benchmark for the process itself -MED process . Additionally new (intensified) technologies need to be evaluated on their minimal energy demand. As technological change influences the thermal energy demand and hot water management of breweries significantly, process models for evaluating the best suitable technologies and operating conditions for an ideal heat integrated production site will be necessary. Effects of technological change on the overall energy balance, on heat integration possibilities and on the integration possibilities of 
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Heat integration for process water generation
